INTRODUCTION
For structural components which are exposed to cyclic stresses, fatigue damage could lead to a catastrophic failure. In nuclear pressure vessel systems where A533B steel is widely used as structural material, cyclic thermal expansions often create a low-cycle fatigue condition. The evaluation of fatigue damage therefore is critically important and nondestructive evaluation of fatigue damage is highly desirable from the viewpoint of both safer and longer operation lifetime.
The mechanical properties of a material are determined by its microstructure. Under cyclic loading in materials there are continuous and cumulative microstructural changes, such as dislocation migration and redistribution [1] . The microstructural changes induced by fatigue cycling alter the mechanical response of a component to external cyclic loading. As the total number of stress cycles increases this leads to initiation and propagation of a fatigue crack. After the propagation of a fatigue crack, the increase in crack area reduces the actual area bearing the applied load and significantly changes the overall mechanical properties of the component until the final fatigue failure of the material.
On the other hand, the magnetic properties of steels are also determined by the microstructures of the materials, and are sensitive to the microstructural changes induced by the stress cycling [2] . The fatigue crack is a discontinuous boundary for magnetic flux. The propagating fatigue crack therefore changes the distribution of magnetic flux as well as the measured magnetic properties. It is possible to nondestructively evaluate the fatigue damage using magnetic measurements, since both microstructural changes induced by fatigue and fatigue crack propagation lead to changes in measured magnetic properties.
The variations in magnetic hysteresis properties with fatigue were reported earlier by Bose [3] , and by Shah and Bose [4] . Devine et al. [5, 6] studied the effects of cyclic stress on the magnetic hysteresis parameters of polycrystalline iron and used this for detection of fatigue in structural steels through magnetic property measurements. Govindaraju et al. [7] found significant magnetic property changes at the end of low-cycle fatigue when magnetic measurements were made under zero load condition. Chen et al. [8] found a simple logarithmic relationship between the coercivity and the number of stress cycles under low-cycle, load-controlled fatigue conditions, which could be used to determine the condition of the material or its proximity to fatigue failure.
Since both magnetic properties and mechanical properties are altered by the microstructural changes induced by fatigue cycling, a relationship between a mechanical property and a magnetic property is expected. In this study, from a series of fatigue tests on A533B nuclear pressure vessel steel and Cr-Mo piping steel, magnetic properties, such as coercivity, remanence, hysteresis loss and Barkhausen emissions, were found to change systematically with fatigue damage. Particularly, during the propagation of a fatigue crack, significant changes in magnetic properties were observed.
From the viewpoint of quantitative nondestructive evaluation, this relationship, particularly a monotonic one, is highly desirable. In this study, an approximately linear relationship between mechanical modulus and magnetic remanence was observed. Based on the results presented in this paper, the fatigue damage of steel components, as well as any ferromagnetic material, can be evaluated nondestructively using magnetic measurements, particularly, remanence measurements. A model equation, which was developed in this study based on the hysteresis of ferromagnetic material, also shows the linear relationship.
MATERIALS AND EXPERIMENTAL PROCEDURES
Two service aged commercial steels: A533B nuclear pressure vessel steel obtained from Oak Ridge National Laboratory and Cr-Mo piping steel obtained from General Atomics, were involved in this study. Their chemical compositions were shown in Table 1 . The fatigue specimens were machined into an "hour-glass" shape with a diameter of 6.35 mm at the center of the specimen.
These fatigue specimens were subjected to low cycle fatigue using a computer controlled 100 KN servo-hydraulic MTS 880 system under strain-controlled mode with a strain amplitude of 0.3% at a frequency of 2 Hz. Mechanical parameters, such as load amplitude, were collected by the system automatically. Throughout the fatigue life at predetermined intervals, fatigue cycling was halted under zero strain conditions. Magnetic measurements were made in-situ using a specially designed surface sensor which fitted the shape of the fatigue specimen. Towards the end of the sample fatigue life, the measurement interval was reduced so that any rapid changes in magnetic properties could be better observed.
In this study, a measurable mechanical parameter, mechanical modulus Y m, the nominal stress needed to produce unit strain, was used to characterize the mechanical 
FATIGUE TEST RESULTS AND DISCUSSION
Due to the difference in chemical compositions and grain size, the two steels showed significant differences in mechanical properties, such as Rockwell hardness and stable mechanical modulus during fatigue cycling; and baseline magnetic properties, such as remanence and coercivity, measured before subjected to fatigue cycling, as shown in Table 2 . The Cr-Mo steel which had lower carbon concentration and larger grain size showed longer fatigue lifetime, lower mechanical properties and lower magnetic baseline properties than the A533B steel. 
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on the other hand, both carbide sites and grain boundaries acted as pinning sites to impede the domain wall motion under the action of a magnetic field. Lower carbon and larger grain size in Cr-Mo steel provided less pinning sites, leading to lower baseline magnetic properties, such as coercivity and remanence.
From the results of fatigue tests conducted in this study on both A533B steel and Cr-Mo steel, magnetic properties, such as coercivity and remanence, were found to change with fatigue damage throughout the whole fatigue life of the specimens as shown in Fig.l  and 2 . Specifically, towards the end of fatigue life, significant increase in coercivity and decrease in remanence were observed. After passing the initial stage of fatigue, the microstructure in the specimen reached a dynamic equilibrium condition for that material and under the given cyclic loading. Corresponding to the stable stage of fatigue, the magnetic properties, such as remanence and coercivity also showed a stabilization. With the increase in number of fatigue cycles, the formation and development of slip-bands at the surface of specimen lead to the nucleation of fatigue cracks. The final propagation of a fatigue crack significantly altered both mechanical properties and magnetic properties of '" E ., Fatigue Cycles Figure 2 The effect of strain-controlled fatigue on remanence in samples of A533B steel and Cr-Mo steel.
the fatigue specimen. The growing crack reduced the actual area bearing the applied load, therefore, the mechanical modulus of the fatigue specimens showed a decrease. On the other hand, the fatigue crack provides a discontinuous interface to magnetic flux. The increased reluctance resulted in an increase in leakage flux near the fatigue crack, the measured coercivity, which is the measured magnetic field when the magnetic flux density in the magnetic circuit is zero, increased after the propagation of the fatigue crack. However, the increase in coercivity was found to be dependent on crack position. When the Hall probe, magnetic field sensor, was not close to the crack, less variation in coercivity was observed.
On the other hand, the remanence was found to decrease with the propagation of fatigue crack and was crack position independent. The propagating crack reduced the cross section area of the magnetic circuit and reduced the maximum magnetic flux in the magnetic circuit, therefore, the measured remanence decreased with the propagation of fatigue crack.
RELATIONSHIP BETWEEN MECHANICAL MODULUS AND REMANENCE
Since the presence of a fatigue crack altered both mechanical properties and magnetic properties of the fatigue specimen and the measured remanence followed closely the mechanical modulus, a monotonic relationship was expected between the mechanical modulus and the magnetic remanence after the propagation of the fatigue crack. From the viewpoint of nondestructive evaluation of fatigue damage, the relationship is very useful. In this study, an approximately linear relationship between mechanical modulus and magnetic remanence was observed.
The magnetic circuit can be modeled as shown in Figure 3 . After the propagation of a fatigue crack, the increase of leakage field around the fatigue crack results in an increase in measured coercivity, but the leakage flux is very small compared with the flux in the sample. If the flux leakage is ignored for remanence measurement, the flux is the same at any cross section in the specimen. When magnetic hysteresis measurements were made, the specimens were magnetized to saturation. Due to the smaller cross-sectional area, the remaining area has higher flux density and is magnetized to saturation first. After removing the external magnetic field, the remanent magnetic flux on the remaining area (B,oSR) is equal to the flux on any other cross-section of the specimen . Figure 3 The model of the magnetic measurement.
According to the configuration of the surface sensor used in this study, the measured remanence actually was the measured magnetic flux in that magnetic circuit when applied magnetic field is zero divided by the original area So of the specimen. The measured remanence Bnn therefore is:
The "mechanical modulus" was the measured load divided by the product of the original cross-sectional area and the applied strain. Due to the propagation of the fatigue crack, the area bearing the applied load actually decreased and this led to a decrease in the apparent modulus. Assuming that the modulus on the remaining area remained constant 
Both mechanical modulus and magnetic remanence are proportional to the remaining area after the propagation of fatigue crack, and this therefore leads to a linear relationship between them:
The above linear relationship between mechanical modulus and magnetic remanence was observed in this study on both A533B steel and Cr-Mo steel as shown in Figure 4 . The deviation from the straight line is believed to be due to the fact that high stress concentration causes the change in the magnetic properties on the remaining area.
The left hand side of the model equation is modulus, the change in mechanical response of specimen resulted from fatigue damage. The right hand side of the model equation is a measurable magnetic property, remanence. Therefore, by using the above model equation, the fatigue damage of a material can be evaluated nondestructively through magnetic remanence measurement.
CONCLUSIONS (4)
Magnetic properties are sensitive to both microstructural changes induced by fatigue cycling and inhomogeneities due to fatigue cracks. Magnetic properties, such as coercivity and remanence, were found to change systematically with fatigue damage. Towards the end of fatigue lifetime, significant variations in measured magnetic properties were observed. An approximately linear relationship between mechanical modulus and magnetic remanence was observed. A model equation developed in this study also shows the linear relationship. The progress of fatigue damage can therefore be evaluated nondestructively using magnetic techniques, specifically using remanence measurement.
